Abstract Habitat loss and fragmentation are major threats to biodiversity and ecosystem functioning. Effects of these usually intercorrelated processes on biodiversity have rarely been separated at a landscape scale. We studied the independent effects of amount of woody habitat in the landscape and three levels of isolation from the next woody habitat (patch isolation) on trap nesting bees, wasps, and their enemies at 30 farmland sites in the Swiss plateau. Species richness of wasps was negatively affected by patch isolation and positively affected by the amount of woody habitat in the landscape. In contrast, species richness of bees was neither influenced by patch isolation nor by landscape composition. Isolation from woody habitats reduced species richness and abundance of natural enemies more strongly than of their hosts, so that parasitism rate was lowered by half in isolated sites compared to forest edges. Thus, population regulation of the hosts may be weakened by habitat fragmentation. We conclude that habitat amount at the landscape scale and local patch connectivity are simultaneously important for biodiversity conservation.
Introduction
Progress in the study of habitat fragmentation is complicated by the multiple ways in which fragmentation can be measured (McGarigal and Cushman 2002; Tscharntke et al. 2002; Fahrig 2003; Ewers and Didham 2006; Lindenmayer and Fischer 2007) . In particular, there is a need to separate between habitat loss and fragmentation per se, defined as the process of habitats breaking apart independent of the reduction of size. Because fragmentation and loss of habitats are often strongly correlated (Fahrig 2003; Smith et al. 2009 ) effects of fragmentation can be masked or enhanced by habitat loss and vice versa (Ewers and Didham 2006) . The separation of fragmentation and habitat loss is becoming more and more popular in experimental model systems (Grez et al. 2004; Zaviezo et al. 2006; Diekötter et al. 2007; Haynes et al. 2007 ) but has rarely been achieved in landscape-scale studies (but see Brosi et al. 2008; Farwig et al. 2009; Holzschuh et al. 2010; Bailey et al. 2010) . However, population and community ecology need a large-scale perspective because local patterns of biodiversity are influenced by the regional settings (McGarigal and Cushman 2002; Tscharntke and Brandl 2004 ). Therefore, we tested the effects of local patch isolation (one important aspect of habitat fragmentation per se) and habitat amount (habitat loss) at the landscape scale. We achieved independence of the two factors through the establishment of experimental habitat patches at locations that were selected following a GIS-based landscape analysis. To fully separate landscape-scale habitat amount from patch isolation, the distances by which patches were Communicated by Roland Brandl.
Electronic supplementary material The online version of this article (doi:10.1007/s00442-010-1746-6) contains supplementary material, which is available to authorized users. isolated had to be lower than the chosen landscape radius. However, we chose the highest possible isolation distances that still allowed for an independent gradient of landscapescale habitat amount (see ''Materials and methods '' for details) .
It is generally accepted that habitat loss has negative effects on biodiversity and that the amount of suitable habitat in the landscape enhances species richness (Findlay and Houlahan 1997; Wettstein and Schmid 1999; Gurd et al. 2001; Steffan-Dewenter 2002) and abundance (Hargis et al. 1999; Best et al. 2001; Gibbs and Stanton 2001; Schmidt et al. 2008) . The effect of habitat isolation on biodiversity is less clear. Increasing isolation from natural source habitats can be associated with a decline or an increase in species richness and abundance (Ewers and Didham 2006; Jauker et al. 2009 ). Finally, the relationship can also be absent (Krauss et al. 2003; Tylianakis et al. 2006) . One likely reason for these conflicting results is that many empirical studies have examined a combined effect of habitat loss and fragmentation as discussed above. Furthermore, species with different traits may differ in their susceptibility to isolation (Ewers and Didham 2006) . In particular, predators and parasites of higher trophic levels may suffer more from isolation than their hosts or prey (Tscharntke et al. 1998 Davies et al. 2000; Albrecht et al. 2007a; Bailey et al. 2010) due to their smaller and more variable populations (Pimm 1991; Kruess and Tscharntke 1994) . There is an increasing concern that the disproportional loss of higher trophic ranks in highly simplified agricultural landscapes leads to modified and disrupted ecological functions (Larsen et al. 2005; Tscharntke et al. 2005; Kremen et al. 2007 ). As a consequence, important ecosystem services such as biological pest control may be at risk.
Diversity patterns and biotic interactions are often driven by processes that are not confined to a single local habitat patch ) and many species in farmland depend on complementary resources from different habitat types to complete their life cycle (Dunning et al. 1992; Klein et al. 2004) . In open agricultural landscapes, woody habitats are subject to minimal disturbance and are often the closest potential alternative to natural vegetation, making them important source habitats. Many open land organisms depend on woody structures (Duelli and Obrist 2003; Kremen et al. 2004; Holzschuh et al. 2009; Sanderson et al. 2009 ). Therefore, biodiversity and ecosystem functions (Kremen et al. 2004; Klein et al. 2007; Farwig et al. 2009 ) in open agricultural landscapes are strongly influenced by woody habitats.
Here, we studied the abundance, species richness, and Simpson's diversity (Simpson's D) of cavity-nesting bees and wasps, and their natural enemies. We tested the independent effects of amount of woody habitat in the landscape and three levels of isolation from the next woody habitat (patch isolation) on the colonisation of newly established nesting sites at 30 locations. We hypothesized that abundance, species richness, and diversity decrease with patch isolation and increase with amount of woody habitat at the landscape scale. We expected responses to habitat amount via the direct reduction of population sizes and responses to increased isolation via reduced colonisation rates (Hanski and Gaggiotti 2004) . Further, we hypothesized higher trophic ranks to respond more strongly to changes in habitat amount and patch isolation, leading to reduced parasitism rates at isolated sites and in landscapes with low amounts of woody habitat (Tscharntke et al. 1998 ).
Materials and methods

Study sites and experimental design
The study was conducted in the Swiss plateau between the cities Bern, Solothurn, and Fribourg, where agricultural areas are interspersed with forest. We used spatially separated landscape sectors distributed over an area of 23 9 32 km and varying in altitude between 465 and 705 m above sea level. The 30 experimental sites consisted of 18-m-long rows of seven 4-year-old cherry trees that were planted on permanent grassland and managed in a standardised manner (the same sites as in Farwig et al. 2009 ). The sites were selected according to their percentage of woody habitat cover in a 500-m radius and their level of local isolation. Woody habitats comprised shrubs, hedgerows, orchards, trees, and forest. The percentage of these habitat types in a 500-m radius around the sites varied from 4 to 74%. Isolation had three levels: ten of the sites were located at the edge of dense and tall-growing forest to represent no isolation from natural habitat (edge). The remaining 20 sites were located in a distance of 100-200 m from the next forest, half of them connected by small-sized woody habitats such as hedgerows or single trees (connected) and the other half isolated from any woody habitat by 100-200 m (isolated). Isolation distances were chosen at a smaller spatial scale than the landscape sector (500 m) in order to gain independence of the two factors. Information on woody habitats was derived from official digital land-use maps (vector25, swisstopo, Wabern) and verified using aerial photographs and field inspection. There was no statistical dependency between the percentage of woody habitat cover and the level of isolation (F 2,27 = 0.004, P [ 0.99). Sites with different levels of isolation and with different percentages of woody habitat in the surrounding landscape were spatially interspersed (P [ 0.19 for relationships of x and y coordinates with isolation and percentage of woody habitat, respectively). Coordinates of study sites, level of local isolation, and percentage of woody habitat are provided in Online Resource 1.
Additional variables
To avoid possible confounding effects, we recorded additional environmental variables that may be correlated with the percentage of woody habitats or habitat isolation. These included the percentage of open near-natural habitats in the landscape (Steffan-Dewenter 2002), altitude, local temperature and humidity (Ewers and Didham 2006) , and local species richness of plants (Tscharntke et al. 1998; Albrecht et al. 2007b) . Mean temperature (df = 28, r = -0.45, P = 0.012) was negatively and altitude (df = 28, r = 0.38, P = 0.036) positively correlated with the percentage of woody habitat. The remaining additional variables were not correlated with the percentage of woody habitats or habitat isolation and were therefore not included in the analysis. See Online Resource 2 for the non-significant relationships and explanation on how additional variables were measured.
Trap nests
Two trap nests (Tscharntke et al. 1998; Albrecht et al. 2007a ) per site were fixed on wooden posts 1 m above ground at 6 m, respectively, 12-m distance from one end of the tree rows (next to trees number 3 and 5). Trap nests consisted of plastic tubes (diameter 10 cm, length 20 cm) containing approximately 170 internodes of common reed Phragmites australis Trin. The diameter of the internodes ranged from 2 to 10 mm with similar proportions of different diameters in all trap nests. Trap nests were installed in the field at the beginning of April 2008 and collected mid-October 2008. Trap nests were stored at 5°C from mid-October 2008 until mid-January 2009, and single reed internodes were transferred into glass tubes. Tubes were maintained at room temperature (22°C) from mid-January 2009 to mid-March 2009, and emerged adults sent to specialists for identification. Trap-nesting bees and wasps (Apidae, Pompilidae, Crabronidae, and Eumeninae) and Hymenopteran predators (Chrysididae) were determined to species level, whereas Hymenopteran parasitoids (Braconidae, Ichneumonidae, and Chalcidoidea), Coleopterans, and Dipterans were determined as far as possible and then separated into morphospecies (Table 1) . In some cases, no adults emerged and only the genus (or the subfamily in the case of Eumeninae) could be identified using characters of the breeding cell (Gathmann and Tscharntke 1999) . These nests were included in the analyses of abundance but only counted as additional species if no other species of the same genus (or subfamily) were found at the site (Holzschuh et al. 2009 ). Species richness was defined as the total number of species per site. Host abundance was the total number of host cells produced. As both solitary (one parasitoid individual per host individual) and gregarious (multiple parasitoid individuals per host individual) parasitoids were reared, enemy abundance was defined as the number of host cells attacked (Tylianakis et al. 2007 ).
Simpson's D was calculated as a diversity measure that is independent of the total number of individuals found at a site (Lande 1996 ). Simpson's D was calculated after the equation
, whereby S is the number of species present at a site and p i is the number of individuals of species i divided by the total number of individuals present at the respective site. D represents the probability that two randomly drawn individuals belong to different species. As such, D ? 1 corresponds to a rarefaction to two individuals (Oksanen 2010) . We also calculated rarefied species richness (rarefaction to ten individuals). However, rarefied richness strongly resembled Simpson's D (r [ 0.95), and the results with respect to habitat isolation and landscape composition were qualitatively the same. Consequently, we display only the results for Simpson's D. Parasitism rate was defined as the number of host cells attacked by parasitoids and insect predators, divided by the total number of host cells per site. Mortality rate was the number of other dead cells (where death was caused by other factors than parasitism or insect predation), divided by the total number of host cells.
Statistical analysis
The data were analysed with generalized linear models. Gaussian error distribution was used to test for effects of woody habitat cover and local isolation (categorical variable with tree levels) on Simpson's D, mortality, and parasitism rate (all three arcsin square-root transformed). Quasi-Poisson error distribution (appropriate for count data in the presence of overdispersion) was used to test for effects of percentage of woody habitat and local isolation on species richness and abundance. The percentage of woody habitat was square-root transformed to normalise the residuals. Local flower diversity, percentage of seminatural habitats and humidity were omitted from the analyses because they did not correlate with our two main variables woody habitat cover and patch isolation. Temperature, altitude and the interaction between woody habitat cover and local isolation were first included in the models but then removed because they were not significant in any model. Residuals were tested for adherence to normal distribution and homoscedasticity of variance. All analyses were done with R version 2.7.1 (R Development Core Team 2005). Oecologia (2011) 165:713-721 715 
Habitat amount
The percentage of woody habitats at the landscape scale enhanced species richness (Fig. 1a) and Simpson's D (Fig. 1b) of wasps. At sites with high percentages of woody habitats, species richness of wasps was more than doubled and Simpson's D more than 3 times higher compared to sites with low percentages of woody habitats. In contrast, abundances of wasps tended to decrease with the increasing percentage of woody habitat (Fig. 1c) . Neither bees nor enemies were significantly influenced by the percentage of woody habitats at the landscape scale (|t 1,26 | \ 1.5, P [ 0.15). Also parasitism and mortality showed no significant response to the percentage of woody habitats at the landscape scale (|t 1,26 | \ 0.8, P [ 0.42).
Isolation
Wasps and natural enemies responded significantly to local patch isolation, showing reduced species richness and abundance with increasing patch isolation ( Fig. 2a-d) . Bee richness and abundance did not significantly vary with respect to patch isolation (Fig. 2e, f) . Simpson's D of wasps, bees and enemies did not change significantly with isolation (F 2,26 \ 0.8, P [ 0.46). Parasitism rate declined with the level of isolation, being only half as high (8.5%) in isolated patches as at forest edges (17%; Fig. 2g ). In contrast, mortality rate was not influenced by patch isolation (F 2,26 = 0.6, P = 0.55).
Discussion
Effects on wasps
Species richness of cavity-nesting wasps was independently affected by both the amount of woody habitat in the landscape and by local patch isolation (Figs. 1, 2 without increasing wasp abundances. In contrast, habitat isolation reduced species richness and wasp abundances, without changing Simpson's D. Thus, habitat amount influenced diversity per se, while habitat isolation reduced species richness through individual numbers. This indicates that landscapes with high percentages of woody habitats have higher species pools (Zobel 1997) . Contrarily, the negative impact of habitat isolation does not indicate lower overall species richness in the landscape, but reflects reduced numbers of individuals that colonise the local site. Fig. 2 Effects of patch isolation on a species richness (F 2,26 = 4.2, P = 0.018) and b abundance (F 2,26 = 8.5, P = 0.001) of wasps, c species richness (F 2,26 = 5.0, P = 0.015) and d abundance (F 2,26 = 6.9, P = 0.004) of enemies, e species richness (F 2,26 = 1.4, P = 0.27) and f abundance (F 2,26 = 0.73, P = 0.49) of bees, and on g parasitism rate (F 2,26 = 4.0, P = 0.031). Sites were either adjacent to forest (Edge), connected to forest by smallsized woody habitats (Connected), or isolated from all woody habitats by at least 100 m (Isolated). Mean ± SE are shown. Grey bars indicate significant, white bars nonsignificant effects. Capital letters indicate the significance of pairwise differences between levels of habitat isolation
The impact of isolation from woody habitat is consistent with studies from temperate (Holzschuh et al. 2009 ) and tropical ecosystems (Tylianakis et al. 2005; Klein et al. 2006) . However, patch isolation was not independent of habitat amount in these previous studies. Therefore, the negative effect of increasing isolation could have been caused by the decreasing amount of habitat in the surrounding landscape (Ewers and Didham 2006) . Fahrig (2003) suggested that conservation actions that attempt to minimize fragmentation (for a given habitat amount) may often be ineffective. As patch isolation and landscape composition had independent effects in our study, we conclude that both landscape-scale habitat amount and local patch connectivity are simultaneously important for conservation of biodiversity. Due to the widespread correlations between habitat amount and isolation, this recommendation has been so far difficult to make . Wasp species richness in sites next to connecting elements, such as hedges or single trees, was similar to that in sites next to forest edges (Fig. 2a) , demonstrating the potential of habitat corridors to compensate for the isolation from forest. Nevertheless, the independent effect of habitat amount indicates that connectivity elements are not able to fully mitigate the negative effects of habitat loss at the landscape scale (Harrison and Bruna 1999; Fahrig 2003) . In conclusion, our results confirm that woody habitats play an important role in population dynamics of wasps in agricultural landscapes (Tscharntke et al. 1998) . Especially larger woody habitats like forest edges may serve as starting points for the colonisation of new habitat patches (Holzschuh et al. 2009 ).
Differential effects on bees and wasps
Habitat isolation and the percentage of woody habitats at the landscape scale affected species richness of wasps but showed no significant influence on bees (Figs. 1, 2 ). Both groups depend on woody habitats for nesting. Therefore, differences between bees and wasps may result either from their different trophic level, from differences in dispersal abilities or from the different role of woody habitats as foraging sites (Steffan-Dewenter 2002) . While bees feed exclusively on plant resources, the investigated wasps provision their brood with herbivore or carnivore arthropods and are thus one to two trophic levels higher than bees. However, wasp populations were larger than bee populations. This contrasts with the assumption of decreasing population sizes with trophic level, which underlies the prediction of a corresponding increase of vulnerability towards habitat isolation (Kruess and Tscharntke 1994) . Correspondingly, increasing vulnerability to habitat isolation with trophic level may be more relevant for subsequent trophic ranks within a given food web (e.g. hosts and enemies in the current study) than for species from largely separated food webs. Dispersal ability of flying arthropods is commonly estimated by body size because larger species are assumed to have better flight capabilities (Gathmann et al. 1994; vanNieuwstadt and Iraheta 1996; Steffan-Dewenter and Tscharntke 1999, 2000) . The mean body length did not differ significantly between the studied bee and wasp species (average body length per species from literature and own measurements: t 1,26 = 1.29, P = 0.21). This suggests that in this study, dispersal abilities of bees and wasps could have been similar. In contrast, woody habitats may play different roles as foraging sites of bees and wasps. Bees may find highest pollen availability in open habitats, whereas wasps may find highest abundances of prey in woody habitat. We dissected ten nests of the most common wasp T. figulus L. and determined spider species (prey). We found a wide variety of spiders, including one open land (Mangora acalypha) and one generalist species (Theridion impressum), but mostly tree-dwelling species (Araniella sp., Cyclosa conica, Nuctena umbratica, Philodromus sp.). This demonstrates a certain flexibility of wasps in prey choice. However, cells at forest edges, where wasps have the choice between open land and woody habitat, contained almost exclusively spiders living in woody habitats. This indicates that in contrast to bees, wasps may indeed benefit from the proximity of woody habitats for foraging. As bees show different, often species-specific pollen preferences to provision their nests, their abundances can probably only be explained in the presence of more detailed knowledge of their foraging habitats (Cane 2001) . A recent study from Costa Rica also found no effect of patch isolation on bee abundance or diversity, and a change in community composition rather than in abundance or diversity with increasing forest cover in the surrounding landscape (Brosi et al. 2008) . The difference between bees and wasps in terms of their responses to habitat fragmentation showed how difficult generalisations across different taxonomic groups can be (Ewers and Didham 2006) .
Isolation effects on parasitism
Parasitism and predation by insects (hereafter ''parasitism'') were a major source of mortality (42% of all dead cells) and were reduced from 17% at forest edges to 8.5% in isolated patches (Fig. 2g) . This reduction by half in only 100-200 m isolation from source habitat (forest edge) is stronger than previous findings (Tscharntke et al. 1998; Klein et al. 2006; Albrecht et al. 2007a) . Our findings of a lower parasitism rate in isolated patches contradict the suggestion that natural enemies are highly mobile and not limited by habitat connectivity (Steffan-Dewenter and Schiele 2008) . This result indicates that habitat isolation may release arthropods from control by their natural enemies. It underlines the role of habitat connectivity for preserving ecosystem functions in farmland, which is in accordance with other negative effects of isolation on pollination, seed predation and insect scavenging (Farwig et al. 2009 ).
Conclusion
In conclusion, our study is one of the first landscapescale investigations to show that habitat loss and isolation have independent negative effects on species diversity. In accordance with the trophic level hypothesis, natural enemies of trap-nesting bees and wasps were more strongly affected by habitat isolation than their hosts. This suggests that population regulation of hosts by their enemies can be weakened by habitat fragmentation.
